We propose a new transition state for oxygen in silica. This state is produced by the insertion of an oxygen molecule into the Si − O − Si bond, i.e. it consists of producing a Si − O − O − O − Si bond. This state allows molecular oxygen diffusion in silica without breaking the molecular O 2 bond and it is energetically more stable than a peroxy configuration. This configuration may allow for exchange of molecular oxygen with the oxygen in the silica framework.
Understanding and controlling the properties of oxygen in silica, especially the role of atomic and molecular interstitials and the formation of oxide layers, is an important fundamental and technological problem [1, 2] . For example, intrinsic oxygen related defects in silica and at silicon-silica interfaces can strongly influence the performance of optical waveguides, metal-oxide semiconductor devices and gate oxides. In particular, as oxide layers approach dimensions of ∼25Å or less, the nature of defects in silica becomes increasingly important in designing reliable devices. In this paper, we focus on structural models for atomic and molecular oxygen and how these models may affect the oxidization process and oxygen related native defects. Most models for the oxidization of silicon rely on the diffusion of molecular oxygen as opposed to atomic oxygen. For example, Deal-Grove postulated the diffusion of molecular oxygen through silica and reacting in atomic form only at the silica-silicon interface [3] . Although this model has been questioned in detail, it appears to be physically sensible since molecular oxygen is strongly bound (the binding energy is 5.2 eV) and not easily dissociated to atomic oxygen once formed [1] . Also, experimental work based on optical spectra lends evidence for molecular oxygen in silica [4] . However, the role of atomic oxygen and corresponding mechanism for isotope exchange is not clear. Studies on the growth mechanism of oxides on the silicon surface are not entirely consistent with the Deal-Grove model [1] . In addition, it has been suggested on the basis of sophisticated electronic structure calculations that atomic oxygen might play an important role in the diffusion process [5] . Specifically, it has been suggested that an important transition state is the peroxy configuration. In this configuration, an interstitial oxygen is inserted in the
The activation energy for this transition state appears consistent with experiment. This state is likely to be important in the thick oxide limit where oxygen must diffuse some distance to the Si-SiO 2 interface, but alternative mechanisms may also play a significant role. Here we investigate this issue by considering several configurations for oxygen in silica. In particular, we suggest a new transition state which would allow oxygen atom isotope exchange between the diffusing O and the lattice O without breaking a molecular oxygen bond.
In order to explore various models for oxygen in silica, we utilize a recently developed real space method using pseudopotentials and density functional theory to solve for the electronic structure problem. This method allows us to model silica clusters of a size sufficient to replicate bulk properties. There are many advantages to this method as opposed to using approached based on supercell geometries. For example, cell-cell interactions present in supercell configurations are avoided. This is an important issue for small cells where only a few molecular units are used. Of course, there can be unwanted surface effects in cluster geometries. However, the surface of a cluster can be passivated in a variety of ways. A common practice is to passivate the surface with hydrogen or simply modifying the potentials of the terminal atoms. As no translational periodicity is present for a cluster, one has considerable freedom in choosing a mechanism for structural and electronic passivation.
Also, elastic relaxation effects can often be more effectively handled by clusters than by supercells. A recent example of this is the divacancy in silicon [6] . For many years, it was not possible to account for the experimental data via density functional theory using supercell geometries. Typically, 64 Si atoms were considered within the supercell whereas recent cluster calculations incorporated 320 Si atoms. This large number of atoms permitted the cluster to accommodate the elastic relaxation energy associated with a large Jahn-Teller distortion, which is consistent with experiment. An analogous supercell of sufficient size would not be feasible with current supercell methods.
We model crystalline silica by considering fragments of α-quartz [8] . Quartz is composed of Si(O 4 ) 1/2 tetrahedron linked by bridging oxygens. The bonding in quartz is known to be quite localized with a significant covalent component. As such, the cluster need not be very large to replicate a bulk-like environment. For example, we consider clusters such as
. Here H * refers to a hydrogen-like species used to passivate any dangling bonds.
The stoichiometry of this cluster was obtained by considering a spherical fragment of quartz whose radius is about 8Å and removing all singly coordinated atoms [8] . The center of the fragment was taken to be an oxygen atom. We can contrast our 73 atom cluster with a recent 27 atom supercell calculation [5] or with a much smaller cluster calculation [7] .
Our theoretical approach uses ab initio pseudopotentials [9] , which have been constructed within the local density approximation using the procedure of Troullier and Martins. [10] The exchange-correlation potential was from the work of Ceperley and Alder [11] . The atomic configuration used for the construction of the Si potential was 3s 2 3p 2 with the coresize parameters fixed to r s = r p = 2.50 a.u. For the O potential, the configuration was 2s 2 p 4 with the core size taken to be r s = 1.30 a.u. and r p = 1.65 a.u. The local part of the pseudopotential was taken to be l = 0; only l = 1 nonlocal terms were included in the pseudopotential. The H * pseudopotential was taken to be a simple local potential as we need not replicate the Si − H * bond with great accuracy. All we require is that the dangling bond state be localized and electrically inactive. We followed our previous work on quantum dots and used "H-like" pseudopotentials. [13] Additional computational details on the pseudopotentials can be found elsewhere. [9, [13] [14] [15] The resulting one-electron Schrödinger equation was solved in real space on a uniform grid via a higher-order finite difference method. [16] The grid spacing, h, was fixed to be 0.35 a.u. We can roughly estimate the equivalent plane-wave cut-off as 1 2 (π/h) 2 a.u. or about 80 Ry. This can be compared to a plane wave cut-off of 64 Ry commonly used for crystalline silica. [15] Our higher-order finite difference expansion of the kinetic energy operator includes terms up to 12th order. The resulting eigenvalue problem was solved using a Generalized Davidson procedure. [17] This method takes advantage of the sparsity and well defined structure of the Hamiltonian matrix. A block diagonalization procedure was used to find the eigenvalue/eigenvector pair.
The boundary conditions for the eigenvalue problem demand the wave function vanish outside a sphere which contains the cluster. The size of the sphere was set so that its surface is at least 4-5 a.u. removed from any atom within the cluster. A multipole expansion was performed to determine the Hartree potential outside of this domain. This expansion was used to fix the boundary condition in solving Poisson's equation with a conjugate gradient method. [16, 17] We considered several possible configurations for interstitial oxygen: (i) We inserted an interstitial oxygen atom into the
This model is unusual in that one might assume that steric constraints might inhibit such a configuration; however, this configuration does preserve the local coordination. (iii) We also considered an isolated O 2 molecule or Si − O − Si + O 2 . Two of these structures, the interstitial O 2 and the peroxy configuration, have been previously considered within a small supercell configuration [5] . However, the relative energy differences between these structures were found to be too small to make a definitive prediction in terms of stability.
Let us consider the peroxy configuration first. We minimized the structural energy by arbitrarily inserting an oxygen atom into the Si − O − Si bond. We then relaxed the configuration by allowing the Si − O − O − Si configuration to adjust to the insertion and the neighboring nine oxygen atoms to relax. Owing to the high energy of the initial state, the interatomic forces are quite large; however, after a full relaxation the largest force component is less than 0.01 a.u., the rms magnitude of the force was less than 0.002 a.u.. In We note that the bond lengths tend to be more symmetric than the bond angles in these geometries. This is to be expected as the Si − O − Si bond angles are quite floppy.
We have determined the relative energy of these configurations by considering the following processes:
where the quartz subscript indicates the energy of the Si − O − Si configuration in our quartz-like cluster. To assess the stability of Si − O − O − O − Si we can combine (1) and (2) as
In evaluating these energies, we have used the local density approximation (LDA) as opposed to the generalized gradient approach. We believe LDA is valid for this system as we are comparing systems with equivalent coordination, i.e., the Si atoms are always four-fold coordinated, the O atoms are always two-fold coordinated (except for the interstitial oxygen molecule). We find the peroxy configuration is unstable against We have also considered interstitial O 2 . There is some strong, but indirect, evidence for O 2 in silica [4] . We have inserted O 2 into our silica cluster in a void region and relaxed the structure. The resulting geometry is shown in Figure 2 . The O 2 molecule interacts only weakly with the framework, e.g. the bond length of the interstitial is 1.22Å, which is nearly identical to the free O 2 bond length of 1.21Å [19] . The energy to incorporate a free O 2 molecule into the quartz-like cluster is endothermic by approximately 2 eV. However, we find the energy of the incorporated O 2 interstitial to be lower than the peroxy configuration.
In particular, the dissociation of the peroxy configuration into an interstitial O 2 :
is exothermic by 0.6 eV per peroxy unit. Our value is not entirely inconsistent with the work of Hamann [5] . While he found the interstitial O 2 to be slightly higher in energy than the peroxy configuration, he noted that within his computational errors, he could not tell the difference between the two configurations. [4] .
Our results have important consequences for the diffusion of O 2 in silica. Oxygen is generally believed to diffuse in the molecular state; however, Hamann has recently proposed that the peroxy linkage should be considered in terms of any diffusion mechanism [5] . In contrast we find that the peroxy linkage is energetically unfavorable versus the 
This type of exchange mechanism is consistent with models based on tracer diffusion studies in vitreous silica [2] . Arguing that the diffusion barrier was much less than the energy required to break a Si-O bond or an O 2 bond (both energies being about 5 eV), previous models have postulated a direct exchange mechanism of an O in O 2 with a substrate O.
However, such an exchange model has not been explicitly confirmed by other experimental studies such as the work of Gusev et al. [1] . In their studies, they examined the oxidization of silicon using medium-energy ion-scattering spectroscopy (MEIS). They found the isotope exchange was a function of the oxide thickness with most of the isotope exchange occuring at the surface or interface between Si and SiO 2 . However, they did find evidence for some exchange occuring within the oxide near the surface. Since their studies were focused on the silicon-silicon oxide interface, it is hard to extract a direct comparison with diffusion in pure silica as pointed out by Hamann [5] .
In summary, we propose a new transition state model for oxygen diffusion in silica.
Within this model an oxygen molecule is inserted within the Si − O − Si bond. We find the energy for this configuration is only ∼0.7 eV higher than an interstitial oxygen molecule within the silica framework. This model is also energetically more favorable than the peroxy transition state and does not require the breaking of an O 2 or a Si-O bond.
